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ABSTRACT

One of the Timiting factors to decrease the systematic error
of laser ranging is the influence of the atmospheric refraction.
Two colour ranging may contribute useful information for more pre-
cise refraction factor modelling and calculation. We describe two
wavelength experiment using 1inear sweep streak camera for ground
target distance measurement. The flight time difference 16 psec
corresponding to 100 m horizontal pass was measured with RMS = 5 psec,
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The third generation of the satellite leser ranging was/L/
characterised by RMS less than 3cm, RMS below lom may e accented for
4~th generation. The error budget censists in principle of the
instrumentel error (including timing), target error contribution and
the envircmentel errors.

One of the possibility to verify the existina atmospheric wodels,
the multiwsvelength laser ranging experiment, mey be accomel ished.
The tire diference (TD) in the flying time is increasing with ircreasing
retic of the wavelengths to be used. For this recason, the harmonic
generction will be the nzturel choise for such &n experiment. To be
eble to model the etmospheric refraction index with accuracy recuired
cn the besis of the TD, the TD must be measured with the accuracy of
3-Tpsec /2/.

Assuming the existing photocethode materiasls and their ouantum
efficiencies, two wavelenoth laser ranging experiment may be carried
out using high power laser pulces. The avasileble choise is ruby
(IHG/2HG), NG YAG (2HG/3HC), Alexandrite /3/ (1BG/2EC) and Emerald
(IHG/HG) . Severel kinmds of phetoreceivers may be adopted. A considerable
effort wae put to exploit two photamultirliers for lkm target ranging
e2nd the circular scan streak tukbe hzs been proposed /2/.

In our experiment we are using linear streak camera ac &
rhotoreceiver for ranging the 1G0Ometer target. The block scheme is
cn fia.l. The Nd YAG laser /4/ is used to generate the mode locked
trein of picosecond pulses. The Nd YAG rod 70mm/7mm is cut at 1°¢
rnear the 100% mirror. The perpendicular surface on the opcsite side
' acte as the output coupler. The seturable dye MLS51 /5/ is in 2mm thin
cell in contect with the 100% mirror. One milimeter apperture restrictes
the laser to single transversal mode operation. The reprate is lpps.
The concentration of the dye is set to generate short train of pulses
consisting of 2 or 3 pulses at FWHM of the envelope, the time interval
between the pulses is 2.nsec. The output beam passes the second
harmonic generator (2HG) and the third harmonic generator (3HG) using
Typell/Typell KDP crystals. The output beam is reflected by the corner
reflector at the distance 1460m. The reflected light passes the ND
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filters and the dispersion priesm ena illuninates the photocathode of
the streak camerz {(Hemmematsu C979 /7/). The streck imace is recordeo
by the SIT TV camera and processed in the Tempcrsl Analyser Hammamatsu
Cl109%. The digitaliced data from the Temporal sralyser zre on-line
trensfered to the FP65 calculator (one streak windcw/15 seconds) for
processina, stetisticel treatment, digpley, plot énd gtor ing. The
detez may te off-line processed cn the HP1(G00 computer.

Curing the initial staoe, the indoor experiment wae carried
cut. The statistical trestment of the laser pulse length gives the
velue 34+/-4.5 psec zt §.53un (rew data). The histcgram of pulse
lengtk is on fig.Zz. Rssuming the 3(0um slit width and 4psec/channel,
the deconvoluted value of the typical pulse length is 30 psec. The
measured pulse length at 0,35 ur is 20psec.

To obtein & smooth streak reccrd of a pulse and hence the
required time resolution, seversl hunareds photons are necessary.
This value is consistent with the value of 570 photons published in
/6/. The stresk readcut systenm permits to process two windows of one
ctreak image simulteneously. This way, both pulces et different
wavelength are recorded at the came time and thus we eleiminated the
streak trigger jitter. The cross sweep streak image distorsion wes
testet and found to be belcw resclution limit. On £ig.3 there i &
record of the 0.53 2nd 0.35um signals. The time deley of in the incoor
pess t+-2psec was determined on the basic of B meesurements (the
histogram of measured values ic on fia.4).

Curing the cround target ranging stade the corner cube
retroreflector hes been placed at 100 meter distance. The typilcal
streak reccrd at 0.53/0.35um is on fia.5. Due to & corplex far field
pettern structure of the 2-nd/3-rd hermonics, the two colours were
not fully spatiely resolved cn the streak input apperture. Tctaly,
23 strak measurements were made curing 20 minutes. The histcgrer of
the measurements is on fig.6. The mean of the delay is 2Zpsec, the
RMS is 4.5psec. Fefering tc the indcor experiment (0.53/0.35um,
TD=¢+-zpsec) , the corrected outdcor two wzvelength time celay is
therefore l6psec, RMS=S5pcec. Taking into account the atmospheric
conditions of thet day, the cezlculated value /7/ of the 0.53/0.35um
TD is 16psec. To increase the ccnfidence of our results, more date
would be perhzps necessary to obtain.
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ABSTRACT

To range the satellites, we are using the train of picosecond pulses
generated by Nd YAG oscillato/amplifier/second harmonic generator laser
system. To establish an optimum discriminator/timing system, the indoor
calibration experiment was carried out. The results indicate a limit sin-
gle shot uncertainty 6cm RMS,
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L&SER FACER INDCOF CALIBYATIOM EXPERIMENT

To cktaln the syster interrel ncise level below llem a2t the
Interkcenos leser radar in Helwer /17, the picocsecond lager wes
irplerented. To establisk the ootimel detectcr/discrimineter/timing
confiouratiorn, tc decrezse the rergine chein jitter ard tec increcse
the syster stability, the extercive set of cezlibration experiments
wes completed. The aim of the calibraticrs wes te measure the tim’ng
jitters of the most critical perts ¢f the rarging chain.

The scheme of the celibratior set up is on fig.l. The peccively
mcce locked YAC laser /2/ gererating a trein of pilses wes uced. The
rescretcr round trip time wes l.énsec, The idividial pulse width 70
peec. Most of the erergy was ccrntained in 2-2 pulsesz. The lscer output
wag freguercy dcwled to G.53um. As the high resclutior timing sveter,
the Trarziert Digitizer Tektrcrix 7912AL, tcgether witl the apprcegriate
scftware package, is used. The bendwidth of the system is SO0(MIz, ite
resclution is 512x1024 (time x arplitude) ,the fastest sweep is
lupsec/charnel. The .Trarziert is interfaced via HPBS tc the rister
coarputer EP2IM¥ with & S50MEyte disc stcraae. The imege daro are
recorcec or lire or the cdisc file with the reprate 0.3 frames/seccrd.
Corpleting the measurement series (106~500 events), the meesured Cdota
are preccessec cff line. & powerfull software peckage for data processing
wes prepered. It ersbleg: smocthing the recorded images, pulse
processing for radar purposes, mcdelling of various types of
discriminetcrs, camputing the pulse emplitude, risetime, erergy, etc.
The triggering jitter of the Trarziert tcgether with the CIOCEr
furctior of the scftware were tested by the series of tests, using
uniforr calibratior ptlses. The measured triager jitter was 25psec.

The START detector jitter calikratior

To prcceed the mcde locked train of pulses properly, the special
type phctodiode/discriminstor scheme is used /4/. The Trarziert is
externzly triggered by the cutput signal of the STAFT detecter under
test. The lacser output sigrel, moritcred by the fast photodiode, is
Gisplayed (the switch in a/ positior). The time spread ¢f the reccrded
pulses determinec the cetector jitter, its mesired RMS is 150psec.
Simultarecusly, prccessing the set of laser output records, the useful



informe tior about the lazer output stability, troin lergth, etc. mey
e obtained /27, The measured value of the STHRT detecter jitter is
in takle 1.

Sinole protoelectrern FMT jitter celibratior
The block scheme i on fig.l, the sw.tcl 1n peeition b/, The
Tearriert was externsly triogered by the STAET discriminatcr pulese,
the lazer output pulse was attertated ard reflected te the PMT {RCAE852)
cput. The light was focused to the smell area near the phctecathede
center. The PMT output signal wes anplifiecd by the 26dB/1200Mtz
aig lifler ard fed to the Trarziert. Using the 8D filters, the reccived
sigral Internsity was sdiusted to single PE level {typically 100 ectec
PE from LOG0-3000 laser shets). The no detected DE imagss were omitted,
the reccrdec ores were prccessed by & program, which converts the
Gata into the rance values. Proccessing cne image, four differert range
valies are available, each cre ccrrespondino to cne ideal discriminator
Of the type:
oo fised threszihols
2. ccrstant fraction
3. centrcid
4, mzximum.
These rence velues were processed by the mode locked train YAG laser
reraine date processing scftwere peckege /57, The resulting velues
of signle PE photomultiplier jitter are sumrarised in taeble 1. The
Howest jltter wes measured for ar idezl corstart fraction discriminstor
type {340psec).
PMT/Adigcriminster jitter measurement
To determine the optimal PMI/discriminastor {RCABBZ2/0Ortecd73A)
ccriiguretion, the special experirent was carried out. Usina the
Trarzient digitizer the mutuzl position of the PMT output pulse ard
the discririnator output was measured. The PM] output pulse wes
devided, one pert was fed to the discriminator input, the other wsas
delayed ard fed tc the Tranziert input. The Trarziert wae triggered
by the discriminstcr output. The PMT dark noise signel wes used for
this test. The measured dzta were ccnverted intc the rangig data form
using the software describea above {canstart frection discriminator).
Then, the jitter coculd be evaluated. This way, the deviation of the
reel ccnstant frectiorn discriminator from the ideal one was determined

Conc lusion

The error budget of the laser radar raraing electronics wes
reasures to be 0.41lnsec (6om). The main contribution te this val ue
15 due to the PMI' RCAESS52 s=ingle PE transit time jitter. To ccmpere
the Incdcor/outdoor measurerents, the histogran of lasger calibration
feries measured at the laser station in Helwzrp {July 1984) is stown
on Fig.2. (In fact, the RC2310342 PMT is used on this statior, but
accerding to /7/,/68/ and our experlence, thneir timing performance is
the same.)
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STEFT detector 150 psec /47
EMT (RCAL652) fixed threczhold {350 psec)
corstarnt fraction 340 pgec applied
centrcid {350 peec)
me X Lmwn (470 prec)
STCP dicririnator (Ortec 4732) 100 pesec /6/
flying time counter (HPS5360) 150 psec

Ranging electronics error budget 410 psec (6cm)
Ak kkkihhkhkhkdhkdk &

Table 1.
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ABSTRACT

The recently commissioned Natmap Laser Ranging System is des-
cribed and some initial performance figures given. The development
program for the system is briefly outlined. The fundamental goals
of the program are to maximise precision, accuracy, and efficiency
in SLR and LLR modes. From an initial capability near the state of
the art, developments are outlined which will produce sub-centime-
tre SLE precision to any satellite within 10 seconds under even
marginal meteorolegical conditions over the next 12 months. Preli-
minary considerations of multi-Gigawatt LLR lasers and multi-wave-
length SLR are given.
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FURTHER DEVELOPMENT OF THE NLRS AT ORRORAL

1. Current Status

The Natmap Laser Ranging System (NLRS) is now fully operational to LAGEOS,
and is under development for Lunar ranging operations in late 1984. The
principal characteristics of the NLRS can be given as:

Telescope aperture : 1.5 metre
Pointing accuracy : 3 arc seconds
Laser : QUANTEL YG402-AP
Computer System : HP A700

Receiver : RCA 31034A
Single shot precision : 7 cm

10 second precision : 1 cm (LAGEOS)

The NLRS is currently performing adequately to LAGEQS, obtaining 5-15000
hits/pass, depending on conditions. It has a day/night capability.

2. Short Term Developments

The random current errors of the NLRS are due to:

Laser pulse width : 300 ps
PMT/Receiver : 400 ps
Timing : 200 ps

These represent the NLRS at initial configuration, which will be altered
for the first 4-5 months of operation.

Commencing early in 1985, several changes will be made to the system which
will improve performance. The laser pulse width selected will be reduced
to 50 ps for all SLR operations. The PMT will be replaced by a new
Microchannel Plate PMT with a Transit-Time jitter specification of 100 ps
(max), and a rise time of 30 ps (max).

These modifications alone should reduce the single shot uncertainty to
better than 4 cm, and the 10 second normal point precision to 6 mm (for
LAGEQS).



Other significant improvements planned for 1985 are in the AUTQOTRACK
cazpabilities of the system. Currently, a significant proportion of the
LACEOS data is obtained without any operator assistance in guiding

{i.2. absclute pointing to LAGEDNS}.
coordinates of the site become better definsd and our in-house ability to

"improve' our predictions using previously observed data improves, the
dependence upon an operator will diminish significantly.
cbtain 100% of LAGEOS observations without operator intervention in the

long term.

The AUTOTRACK developments extend also to LLR observations.

it 1s expected that as the station

Since the

100.

The goal is to

mount model for the 1.5m telescope can be better than 3 arc seconds on any

night (it is not stable at this level for more than 1 night}, absclute
pointing and guiding seems feasible, perhaps with some minimal search

pattern capability added.
3. Long Term Developments

3.1 SLR Precision

The single largest error in the ranging system after the laser and
receiver have been modified (above) will be the timing system

(200 ps/event). An improvement in this area to 50 ps would give 2 cm
single~shot precision immediately.

system is under development.

If the laser is tuned to 30 ps pulse width, the system error budget

becomes:
Laser : 30 ps
Timing : 50 ps

PMT/Receiver : 100 ps

RSS 116 ps

or

1.8 em

A multi-stop, 50 ps precision timing

Theoretical studies are currently being undertaken into the viability of

using a streak camera as an additional vernier for the timing system to
give 10 ps precision. Preliminary work indicates that the total random

error budget for such a system could be 50 ps, resulting in sub-centimetre

single shot precision.

3-2 LLR Data Density

The single most effective way of improving LLR system performance is to
increase the laser power. Such a development is being considered for

Orroral. The objection is te obtain 300 mJ in a single 100 ps pulse, or

800 mJ in a train of four 100 ps pulses, at 10 Hz.

Alternatives to slab

laser configurations are being actively pursued, and some feasible designs
have been put forward which would reach the performance goal without the
need for a slab. However, very significant performance improvements for

Nd:YAG lasers will come from solid state pumping systems now under
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development in other laboratories. If adequate performance can be
maintained in the short term using the existing laser, then it is likely
that further development of the laser will await developments in
solid-state pumping.

3.3 Multiple Wavelength Ranging

Even preliminary examination of the two wavelength technique reveals the
considerable difficulties inherent in the technique. However, it SLR
ranging will be, from 1985, of 1 cm precision (normal point) for a large
proportion of the ranging stations in operation, then it may be necessary
for one or two stations to acquire a data base of two colour ranging data
for purposes of 'calibrating' the atmospheric correction formulac. The
Orroral system has some unique advantages for performing this experiment.

1. large telescope with very precise pointing and high quality
Coude optics

2. extensive computing facilities on site
3. extensive optical and electronic facilities

4. colocation with a national time and frequency calibration
laboratory

5. site weather characteristics much like most of the rest of
the network.

For these reasons the topic is kept under review, so that when the
accuracy requirement for SLR exceeds 1 cm, a decision could be made to
attempt to range at more than one wavelength.

The streak camera which can operate as a 10 ps timing vernier can be
adapted to determine the differential return epoch of the two returns with
10 ps (possibly even better) precision.

101‘
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ABSTRACT

Beginning in the mid-Seventies, there was a great deal of
scientific and technical interest in the development of a Space-
borne Geodynamics Kanging System (SGRS) which would be capable
of making global geodesy measurements to .a dense network of
relatively inexpensive, passive, ground-based retroreflectors.

It was argued that such a system would provide a vastly larger

and more timely data set for the study of tectonic plate motion

and regional crustal deformation relative to what could reasonably

be achieved with ground-based satellite Taser ranging (SLR) systems.
The data could be further augmented and densified through the deve-
Topment and use of relatively low cost aircraft-based systems. Modest
funding during the period from 1975 to 1983 permitted the completion
of various fundamental engineering, scientific, and simulation stu-
dies and the development of several prototype hardware components and
software packages. The present article gives a brief history of NASA
and recent European efforts in airborne and spaceborne laser ranging,
summarizes the scientific ans technological achievements, provides a
bibliography which permits readers to obtain more detailed informa-
tion, and speculates on possible future development activities.
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Aﬂ OVERVIEW OF NASA AIRBORME AND SPACEBORNE
~- - . LASER RANGING DEVELOPMENT

Beginning in the mid-Seventies, there was a great deal of scientific and
technical interest in the development of a Spaceborne Geodynamics Ranging
System (SGRS) which would be capable of making global geodesy measurements
to a dense network of relatively inexpensive, passive, ground-based
retroreflectors. . It.was argued that such a system would provide a vastly
larger and more t1me1y data set for the study of tectonic plate motion

and regional crustal deformation relative to what could reasonably be
achieved with ground-based satellite laser ranging (SLR) systems. =
Furthermore, it would accomplish this feat at a greatly reduced cost.
Modest funding durlng the perjod from 1975 to 1983 permitted the '
completion of various fundamental engineering, scientific, and simulation
studies and the development of severai prototype hardware components and
software packages.

The original system concept assumed a Space Shuttle-Borne system which
utilized a frequency-doubled, Q-switched Nd:YAG laser with a seven nano-
second pulsewidth as the source. This concept was driven, to a very
large extent, by the availability of relatively compact, hardened military
lasers which had flown and operated successfully in rather hostile, high
altitude, fighter aircraft environments. A reasonably concise account of
the spaceborne concept and simulations of system performance can be found
in references 1 and 2. A detailed engineering analysis is available in -
reference 3 and a summary of the proposed science app11cat10ns can be
found in reference 4

It soon became apparent however, that the ant1cxpated 10 to 20 Cm-accuracy

of the system was not going to satisfy the rapidly burgeon1ng number of

science applications which were now demanding accuracies on the order of

one to two centimeters. This fact spurred NASA to develop space-qualifiable

prototype components which would permit ranging from a space platform to
round-based retroreflectors with centimeter accuracy. These included:

?1) a compacty: 105mg (green), 200 picosecond pulse, modelocked Nd:YAG

Taser transmitter™? ?2) a Tow time walk constantafract10n discriminator’ ;
(3) a 19.7 p1cosecond resolut@ogoevent timer (ET)"; (4) a 9.7 picosecond
resolution time interval unit : (5) a Eiggzspeed arcsecond accuracy

pointing mount and all-digital controller : and (6) large cross-section,

ground reflectors.  In addition, developmental work began on a c1rcu1ar1y

scanned streak tube {CSST) receiver intended to 1mg§ove the receiver

impulse résponse by almost two orders of magnitude The latter acts

as a vernier-on -the “"coarse” receiver which pr1mar11y consists of a high-

speed photomyltiplier (e.g., the ITT 4129 microchannel plate photomultiplier

having a 450 picosecond impulse response), a low time walk discriminator, -

and a high-resolution time interval unit.
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sarse’ range veceiver combination typically yields 5
precisions in horizonted rengs experiments over

. Bias grrors in the vange map to a fixed ygtro~
subcentineter level as veported previously . The
¥ the prototype CSST receiver {whan the program was
a1 3

ng cuts) wes about 33 picosecords and was due to
Pe electron beam image adeguately within the tube.

.

e SRS pointing system requirvements were rather unique in that, in

=
padst

on to being able to track with arcsecond precision at rates up to
two degrzes per second, the system required a §3ew velocity of 200°/sec
and 2 maximym angular acceleration of 500°/sec” in order to acquire and

rack muitiple ground based targets. The Tinal engineering prototype met
all of the SGRS requirements. The tracking mount supports a 32cm by 1%cm
eliiptical mirvor constructed of Tightweight beryllium. Sixteen-bit
incremental optical encoders, augmented by precision measurements of the
phase of the quadrature detector outputs, yield an effective 23-bit
resolution angular position in each of the two axes. The optical mount
is dviven by a "smart” all-digital, microprocessor-based controller.

This frees up the main driving computer by requiring tracking updates
giiy once a second comsisting of a position, angular velocity, and
angular acceleration. The microprocessor interpolates between updates
using the resulting second order polynomial in the time variable at a
rate of 512 times per second for each axis. Math models for system
dynamics, bearing Triction, stiction, etc., are used in Kalman Filtering
algorithms to maintain system pointing and tracking accuracies. A plot -
o7 the measured RMS fracking jitter versus tracking rate is shown in
Flaure I, Excepl neav the maximum iracking vates, the tracking jitter is
at the subarcsecond level. A more complete written description of the '
fuil range of pointing system tests and results is in preparation,

+

(5

In 1879, the original SGRS hardware was upiraded to a subnanosecond
system based on the previously mentioned hardware prototypes and renamed
the Global Geodynamics Ranging System {GGRS). The GGRS was reconfigured
as a free f?yerlgnstrumeni compatible with the Multimission Modular
Spacecraft (MMS)™. The latter spacecraft can be launched from either
Shuttle or NASA's Delta Rocket. The proposed GGRS package included two
modelocked transmitter heads with a single power supply in order to
extend the mission life to approximately 3 years for a combined geo~-
dynamics and ice altimetry mission. The 8GRS concept did not incorporate
the (55T receiver since the latter was 5111 undergoing development.

Unfortunately, the funding necessary to begin development of a Ffully
space-qualified system never materialized. Thus, in 1980, a ggnggpt for

a six beam Airborne Laser Ranging System (ALRS) was developed™“°"' as

cn drtavmedisin, Tow-cost, aliersative which would simultaneously provide
useful geophysical data on a regional scale and demonstrate the technical
feasibitity of the global spaceborne system. In these earlier versions

of the ALRS, wa planned to use a LORAN € navigator and a pressure altimeter
te provide navigationa!l updates to the airvcrafi to aid in acquisition and
tracking of the ground retrorefiectors. In the most recent version,
however, we propose to use a BPS receiver to update the three position
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e fhe GPS system is now nearing operational status. A
F the current scheme s shown ia Figure 2. From 1980 to
a5 actively studied and simulated. The NASA Lockheed
oas the host airverefs, From this airvcraft, baseline
cim per 30 Km of baseline could be achieved. High flying

15 NASH i, wiinie yield the same
stomechanicai designs for the ALRS
: procured, and assemply of selectod sub-

el

i

opment of opervational, navigaticnal, and
dats analysis sofiware packages was weli underway. Target sites in the
arca of Shenandoah, Yirginia, were chosen for the initial test flight.
Tha Shenadoah area is convenient to the Goddard Space Flight Center and
Lo the atrcrait’s home Tield at Goddard's Walleps Flight Station, has a
terrain which varies widely in altitude above sea level thereby simulating
most of the interesting fault regions, and contains approximately 17
first order survey monuments providing excellent ground truth information.
Funding cuis brought all ALRS hardware work to a halt in 1982 but system
simulations continued into 1983,

In an attempt to salvage the program, a concept for a greatly simplified
(and even less expensive) airbogne system was developed and named the
Broadbeam Laser Survevor (BLS)™". A block diagram of the system is

shown in Figure 3. It uses a 100 mJ {green) modelocked laser such as the
Quantel Y6402 DP and distributes the energy over a 70 degree half-angle
cone via an axicon. A matching, wide field-of-view receiver collects
returns from any retroreflectors lying within the transmitter field-of-view
and Tocuses them onto a single, high-speed photomultiplier. The system
uses & multiple~stop time interval unit to record the multiple times-of-
flight and contains no moving parts.

Operation of the BLS would be Timited to jow altitudes (less than 4 km)
and to night flights due to the high daytime background noise resulting
from the wide instrument field-of-view. The principal technology barrier
to this instrument was the development of a practical receiver collecting
tens which would simultaneously provide the 70 degree field-of-view and
an effective aperture on the order of two inches. Recent in-house studies
have resulted in a realistic Tens design. It is hoped that our basic
advanced laser ranging funds will permit us to build and flight test a
breadboard of this very simple system by 1986.

At the present time, NASA has no active program in the area of airborne
or spaceborne laser ranging. However, during the past year, some dis-
cussions were held between the United States and Italy for a possible
Joint program to develop first the airborne and then a spaceborne system,
but, to my knowledge, no agreement has yet been reached between the two
couptriss,  NARA/Godderd has vecently proposed the single-color GGRS as
an instrument on the Earth Observation System platform. The latter is a
sroposed experimental platform to be placed in an approximate polar orbit
in the 1923 time frame and perjodically visited and maintained, probably
on a biannual basis, by crews from Space Station. The ability to refurbish
the package on a periodic basis removes one of the major obstacles to the
free flyer concept, i.e., the Timited operating lifetime of the laser as

el




107.

" AIRBORNE LASER RANGING SYSTEM
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determined by the flashlamp life {typically 107 shots). Alternate

Taser pumping schemes, however, such as pumping the Nd:YAG laser material
with arrays of AlGaAs diode Tasers may ultimately lead to a system with
an operational lifetime two orders of magnitude longer.

Recently, a European group has studied a spaceborne laser rangjggogystem
which utilizes a two-color, picosecond pulse Alexandrite laser™™? ang1
a second system which uses a C0, laser and superheterodyne transceiver™".
NASA/Goddard also plans to exp1gre mode- locked Alexandrite beginning 1in
1985. We have believed for some time that the fundamental and second
harmonic frequencies of Alexandrite at 760 and 380 nm are near ideal for
the two-color application because of their good atmospheric transmission,
excellent detector quantum efficiéncies, and good relative dispersion by
the atmosphere. The wide gain bandwidth also permits the generation of
pulsewidths on the order of a few picoseconds. One also eliminates the
need for the relatively inefficient nonlinear generation of the third
harmonic of Nd:YAG. The Alexandrite Taser medium has a higher pump
threshotd than Nd:YAG, however, and therefore would require significantly
more spacecraft prime power.

Spaceborne laser ranging faces stiff competition from proponents of the
Global Positioning System (GPS) geodetic receiver approach who believe
that their systems are also capable of yielding one centimeter accuracies
in spite of a difficult water vapor calibration problem. The Global
Positioning System satellite constellation is already partially in place
and will almost certainly be completed. It therefore becomes a relatively
inexpensive proposition to build and test geodetic receivers which make
use of a system whose existence is a foregone conclusion even though the
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eventual operational costs of a global geodetic program might be prohibitively

high. Furthermore, the GPS receivers have the decided political advantage

that they are technically similar to devices already fielded by various
user agencies and hence are a more “familiar" technology to those users.

A recent study22 carried out by ORI, Inc., under contract to NASA
Headquarters, compared the relative costs of a ten-year, global, geodetic
campaign using on the one hand, GPS receiver techniques and, on the
other, a spaceborne laser ranging system launched and periodically
refurbished by the Space Shuttle. The study concluded that, within the
probable error bounds (which in the present author's opinion are quite
high), the ten-year costs of the GPS and GGRS approaches are comparable.
The study did not attempt to address the relative gquality of the data
from a scientific standpoint.
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ABSTRACT

The approximate analytical formulas for the errors due to dis-
crete generation and gain of photoelectrons and due to delay jitter
in photomultiplier tube for the fixed threshold and constant frac-
tion of the current and charge are given. The error is dependent on
the filtration and fraction value. Also some simulation and experi-
mental results are given, of reasonable agreement with the theory.
Existing stations can be somewhat improved in some cases, using pro-
per filtration and fraction values following the results presented.
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SINGLE - SHOT ACCURACY TMPROVEMENT USING RIGHT FILTRATION
AND FRACTION VATURS IN MUTTT~-PHOTORTECTRON CASE

1« Introduction

The signal at the anode of real PMT with the delay jitter
is the same as in the case of ideal PMT without jitter, whose
photocathode is illuminated by the equivalent signal pulse of
the same energy, whose shape is the convolution of the signal
rulse shape and the delay density curve of the real PMT, In the
case of very short signal pulse, this egquivalent shape is the
shape of the PMT delay density curve only. Single ~ shot accu-
racy is dependent on the width of this equivalent shape. For the
realisations of the received signal of more than single photo~
electron, there exists the possibility to improve this accuracy
using some processing of the signal, for example linear filte-
ring before applying a constant or proportional threshold for
the PMI' current or charge. The part of the linear filter is the
PMT itself, whose single photoelectron response curve convolu-
ted with the pulse response of the eventual electiric filter
after PMI gives the response of the overall linear filtering.,
Author obtained the approximate analytical solutions for the
error dependence on the filtration and threshold value, confir-
med by simulation and experiment,

2. Results

Using some results of the inhomogeneous filtered Poisson
process theory, one can obtain the formula for the normalised
random time interval error, valid for all bulse signal shapes
and all pulse responses of the filter in the limit case of guf-
ficiently high number of photoelectrons in the signal:

@'/T = go¢1/2 1\3""'1/2 (1)

where: T is the measure of the equivalent signal pulse width,
equal of the 6’parameter of the gaussian equivalent s@gnal pul-
se, or equal to the half of the width of equivalent signal pul~
s¢ for the other shapes; of is the mean square of the normalised
to 1 gain of the PMT tube; N is the mean photoelectron number
in the signal; g ~ coefficient dependent on the shape of the
equivalent signal, overall filter response shape and width, and

on the threshold {fraction) value.

For the gaussign equivalent signal and filter response, g
coefficient values vs fraction and filtration values are given
by formulas (2), (3) and (4), and at the Fig. 1, 2, and 6, for
the fixed threshold of the current, constant fraction of the
current and constant fraction of the charge, respectively.
Filtration parameter I at the Figs 1 and 2 is the filter res-
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ronge width divided by & parameter of the equivalent signal,
when the z parameter in formulas is The square of the relation
of i parameter of the signal to ' parameter of the filter.
fraction f in the case of c.f. it ig the fraction of the peak
vaiue in each realisation, when in the case of fixed threshold,
it iz the threshold value divided by the s:pectation of the
peak value,

,
£, % 2

. 1o g z + 1
g7 = cexp| - 2 ~———-1n % ,”ﬁﬂ
T D K 22 + 1
Hoe yZ% + 7 2 F% 1n F
z2
5 {1 + z}
g P a

Z °‘/22 + 1 f2 in % (3)

2 2

] 241 ’ ‘ Z 1 £
ﬁé{é~exp€w 2 ;;:? In f} = fsexp{;(;z+1 + 1}1n f] + ngl
g = [2 e {1-r §]! /2{ exp [w (inv erg, 1':‘)2/@}‘"1 (4)

where erfyx m(?/@ﬁ?ﬁj‘expfl y2/2)dy

e LEaTE

3. Comments

The results for the fixed threshold case are comparably
poor {Fig 1); the best value of g is about 1.5, For the c¢.f,
of charge, the results obtained for no additional filtration
before integration of the current [ formula (4}] are given at
Fig. ¢« The optimum fraction is 0.5, which holds also for any
gymmetric bell-shaped, triangular and other with distinet peak,
shape of the equivalent signal. Using some linear filtration
before the integration one can obtain g smaller than 1 ( simula-
tion results of Ojanen [1] and Kiekek). Bias changes with ener-
gy exlst for the unsymmetric in time filter response only but
are small { Fig. §, simulations), For the fraction 0.5, this
method 1s sometimes called as median, or half-area detection,
The results for c.f. of the current are mostly surprising. The
g coefficient improves and approaches 1, the value for some
optimum estimation methods as conditional mean [2] and max,
likelihood [3] , when the filtration value T increases (Fig. 2).
The optimum fraction value changes from 0,26 for small F values
to 1 for P>2 (Fig. 3}, The dependency of g vs fraction f is
small when T exceeds 4 {Pig. 2)., The g coefl. is also energy
dependent (Fig. 4, simulationg), but for F»2 the dependengy is
small for N2 10. Mean value of the result change vs energsma-
1ler when increasing T and T {rig Ty simulations, filter respo-
nse exp[- t/(57)]~ exp(~ /) ;and experiment ),
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4. Importance of the results obtained Tor the laser ranging

In the analogue signal processing case, use of the very
high filtration F can be risky due to the threshold instability
and electric noise. The ¥ value of 4 ¢+ 7 is recommended by
author for the constant fraction of the currvent case; and also
for the approximate max. likelihood implementation using the
detection of positiondthe maximom of filtered sipnal {47,

This last case is also included in author’s results (Pig 2),
as the case of ' % 1, Tn the vange ol the width of laser pulse
2 4 20 ng, this P value leads to the necessity to include some
electrical filter after the I'MT tube., Internal T value of PMT
tube itself is 6 + 12 for the RCA 8852, and 1.5 for new mi-
crochannel plate units, To set T at the proper value one can
use approximate formula for the response width w. of the addi-

tional electrical filter, at least 2=pole: t
.12 3 7 “ o)
Wf = """-"'-""‘""""“ (W; + W‘- - W‘.) 1 /‘ ) - - L] » - - L (5)
. 81n2 B J I

where Wy wpg wj are the widths of: laser pulse, single photo-
electron response of PMT, and PMT jitter density full width

at half max , respectively. The need of additional filter
exists when the right~hand side of (5) squared gives the value
greater than zero. The need of the additional filter is stron—
gest for the stations using wide laser pulses, but when vsing
new microchannel plate I'MP?s, this need exists for all pulse
widths used, also the smallest. The additional filter is not
necessary in case of using the amplifier or other circuitry
with the 3 db cut-off frequency 0.312/w, or smaller,

The fraction value should be set as higﬁ as possible, The va-
lue £ = 1 can be set using the differentiation, 35-40 db am-
plification, and zero~crossing detection.

Peak detection types of c¢.f. discriminators are preferable,
but there is the lack of this type instruments at the market,
In case of using c.f. discriminator used in scintillation-
counter technigue,for instance ORTEC 473 or similar, there is
the need to lengthen the delay line to the value of delay

!

2 2
W_ o+ W
-t = 1 —-‘E-a-o——-—--m;\m 1n 'j" e @ @ ) @ v @ @ ¢ @ {6§
a ™= 2 102 £

5. Conclusion

Existing stations having multi ~ photoslectr on returns
and using MCP type of PMI’s, or in case of other PMT?s, using
pulse widths greater than 2 ns, can be somewhat improved by
using enough analog filtration (Fig. 2).

Above holds for the stations using c.f. diseriminators and
approximate max. likelihood estimation as well. For the fixed
threshold, use of Pig. 1 can decrease the error.
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TABLN 1

g coefficientsobtuined experimentally

#h

Signal
enepsy 6 10 20 10
Filter~_/FL/
o 1,67 1945 1,27 1:54
/80/ /80/ /807 /100/
1,59 1,86 1457 1,26
Egn -
0 OFF 5 F=1.25 /180/ 7ens/ /260/ /100/
ﬁ
. , 7932
. AFF , F=22.5 /80/
A
4>
[$]
; h 1,20
£y BPF 3 sz é?S /4-0/
1,52 1550 1,28
W
6+
. 1941 1485 185
3FPF 5, F=1.25 /607 /1007 C/ﬁoo/

\
g ovalues

Filters: TFel1-~section Lransversal filter matched to the
logarithm of the signal shape.
SPPwb-pole RG £ilter of different filtration
coefficients F.
Frazction fx1 was obialned via zero~crossing
detection in filtered gnd differentiated signal

Sample sizes are given in parentheses,.
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10123 Torino Italie

Telephone 11 539 162
Telex 220646

ABSTRACT

With the centimeter accuracy approaching, also the minor uncer-
, tainty sources, such as the thermal effects on time discriminators
" and counters must be investigated. The behaviour of some of these
devices is investigated experimentally and some results are presented.
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THERMAL EFFECTS ON DETECTORS AND COUNTERS

1 Lﬂtroduction

The laser ranging technique is now approaching the
subcentimeter accuracy level and conseguently also the minor delay
sources must be investigated.

This paper aims mainly to the thermal el fects encountered
in Limers and time discriminalors.

For the counters, the invesligation was  perfermed  on
Lhe  HPH370A device, that [inds widespead uuse in laser ranging
stations for its truly remarcable resolution of 20 ps. As Lime
discriminators, a number of circuils were investigated, the final
cheice being the so called "centroid" type. In the following section
the technical set up will be brieflydescribed, while the third
iz devoted to the results. During these investigations alsoc some
amplitude effects and phgjge levels were measured and some relevant
results are pointed in the fourth section. In the last, some conclu-
sions are presented, along the planned future measurements,
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2 Measurement system

The set up is depicted in Fig. 1; for the time discrimina-
tors, that can be operating outside of a building, the temperature
range was -20 to +50°C; for the counter, that usually is kept
in a shelter, the range was +12 to +30°C.

The temperature gradient was particulary controlled
in the case of the counter, bheing of about 1°C/20 min, in order
to allow a smooth variation of the temperature inside the device. The
instrument was kept in the middle of the thermostatic chamber
and a baffle was provided to shield the device from drafts coming
via the condltloning system. The room in wich the testing equipment
was operating, remained +1°C during the operations; sufficient
time was allotted in order to reach a thermal equilibrium for
2ll the instrumentation.

3 Results

3.1 Measurements on the counter

Two HPS370A (serial 1848A00413 and 2213A01367) were
tegted, with similar results; the reader is anyway warned not
to extend the hereinbelow given results to other instruments of
the same model, also if it seems that similar behaviours were
encountered in other laboratories{ﬂ.

Since the "starit" and "stop! levels can be set indipenden-
tly via the computer, a number of measurement runs were performed
at each temperature, changing the 1levels by steps of 50 mV, in
the range 0.2 - 0.4V. The test pulse used was of 0.5V amplitude
with a risetime of 2V/ns.

As a general rule, at any start and stop level, (also

if different for the two channels), the counter readings increase

with the temperature; this variation is roughly proportional te

the temperature. There 1is additional evidence +that, in the two
instruments inspected, both levels rise with the temperature,
albeit with a slight different slope.

In the particular case of Same start and stop levels,thg
results are given in Fig. 2. The slope increases regulary with
the level, and at 0.4V, shows a value of about +10ps/C®.

For any combination of trigger voltages and counter
temperatures, no significant variations were observed in the fluctua-
tion of the results, being the one-signa value around 20-25ps.

3.2 Measurement on a "centroid" time discriminator.

The time discriminator used for the temperature effect
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Aeasuremenls is a centroid device {?) thal was presented at the
4th Workshop on laser ranging istrumentation. The circuit, with
its delay line (a length of cosxiat cable), was inserted in the
chamber, mounted in a box, with the 1id closen or open. The results
are given in Fig.3; the delay slepe, in the region from -20°C
to +50°C, is of about -10ps/°C. In the range +15 to +2%°C, the
variation amounts to 120ps. With open or closed box the slope
is the same, with a difference of some 150ps (Fi:.3),

It must be stressed that no particular selection or
agelng of the components was previously performed.

Also 1n this case no significant variations were found
in the fluctuations, as can be seen in table 1, in wich the absolute
delay and the one-sigia_ standard deviation are given versus tempera-—
ture; for each value, 10 measurements were averaged.

TABLE I

DELAY AND FLUCTUATIONS VERSUS TEMPERATURE
CENTROID DETECTOR

TEMPERATURE °C -20 -10 0 +10 +20 +30 +40 +50
DELAY ns 6.387 6.222 6.130C 6.047 5.986 5.801 5.791 5.698
HTANDARD DEV. ps 27 26 25 24 2b 26 25 22

L]

4 Noise and amplitude effects on time discriminators

Three time discriminators were investipole o commercial
constant level (not constant fraction) circuit, an "integrator"
detector (3,4) and the abovementioned centroid device.

All the discriminators, were rled by an avalanche diode,
illuminated by a laser diocde pulse generator (5) sending 1000
pulses per second.

Tests on counters

The short term stability of the counters was tested
with measurements lasting from 10ms to 10s.Fixed settings (1.5V)
were used both for start and stop channels, that were driven via
fixed delay lines from the same TTL pulse. The results for the
fluctuations {one sigma values) and the relevant standard deviations
(again one sigma) are given in table IT.
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TABLE I}

COUNTER TIME STABILITY
duration of measurements seconds

0.01 0.1 i 10
fluctuations ps 19.5 19.3 19.3 19.4
stand. dev. ps 1.35 0.47 0.1 0.1

No apparent drift 1s evident and Lhe steady reduction
of the standard deviation wilh  Lhe sguare roolh of  Lime between
0.01 and 1s means thal. in this region we are confronted with a
whithe noise process.

As regards the average fluctuations versus the pulse
amplitiude, the time proven rule lo use seltings just above halfl
off the pulse amplitude was generally confirmed. For instance,
with a trigger level of 1.5 V, the fluctuation drops sharply from
30-40ps to about 20ps, when the pulse amplitude crosses 3V.

A closer look to this behaviour has shown  that, with
fixed pulses and variable start and stop settings, the delay fluctua-
tion is a non-monotonic function of the settings. This pattern
depends from the pulse shape and from the individual counter and
it is fairly constant. To quote some figures, with a 5V pulse
and the stop level at 2.8V, the variation ol the delay (one sigma
value) ranges from 18 to 35ps, when the slart level is changed
from 1 to 4.5V. Consecguently it can be recomnended to invesligate
for each individual counter, the '"best" combination of pulse amplitu-
des and trigger settings.

As previously mentioned, the time discriminators were
driven by an avalanche photo detector,illuminated by a scolid state
laser. Three devices were tested: A, fixed level discriminator;
B, integrator; C ‘"centroid", with a fixed delay line. The delay
of each circuit, in nanoseconds, and the fluctuations (one sigma)
in picoseconds are given in table TIT, for measurement durations
from 0,1 to 100s.

The absclute values of the delays are of ne concern,
since théyt depand from the specific wvalues of the circuitry; the
attention is called on the variations, with time, of the delay,
that .anyway can be disregarded for all three circuits., The perfor-
mances of the c¢ircuit A (fixed +trigger levels) 1is remarcable,



124.

bul this solution is quite sensitive fo signal amplitude variations.

AR

Changing the slope of the electrical pulse driving
the laser from 1.8 o 3.1ns and keeping constant the energy, the
variations in fluctuation for c¢ircuits A and C, are less of lps -
and for circuit B of about Bps. Conseguently discriminator 8
is more sensitive to e shape of the pulse.

TABLE Il

TIME STABILITY
Duration of measurements-—-seconds

CIRCUIT 0,1 1 10 100

ns 5.428 5.428 5.428 5.428
il

ps 16.8 16.7 16.92 17

ns 1.842 1.848 1.852 1.846
B

ps 28.5 29.7 29.4 29.2

ns 6.116 6.120 6.125 6.130
¢

ps 23.4 24.8 24.6 24.1

5 Conclusions and programs

From the above given results it seems that the '"centroid"
time discriminator 1is well adapted for the timetagging of the
departing pulse in laser telemetry stations.

The time walk can be disregarded for calibration intervals
up one hour, but the temperature of the time diseriminators and
counters must be kept under strict control if the 100ps accuracy
region must be reached, since some of these devices are affected
by temperature effects of 10ps/°C.

As regards the fubture developments, similar tests will
be performed on preamplifiers and on commercial “constant fractiopn
discriminators.

Torino, November 1984 -
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FURTHER THOUGHTS ON A MINIMAL TRANSMITTER
FOR LASER RANGING
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ABSTRACT

It has been suggested that it is advantageous to utilise the
fundamental wavelength for satellite (or lunar) laser ranging. This
has the merit of better atmospheric transmission etc.. and conse-
quently a simpler laser system. A major objection was the P.M.T.
required. In this paper, we exploit the high quantum efficiency of
the triggered avalanche detector (TAD), which appears to answer this
critisism, and using the more rigorous approach, recalculate the mi-
nimal transmitter requirements for, for example, LAGEOS at 1,06 pm.
To further the raliability of the laser, we also introduce an automa~
tic peak power Timiter of simple form.
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Further Thoughts on a Minlimal Transmitter for Lagser Ranging.

Introduction.

As third generation systems reach maturity and become
widespread,it is instructive to review their fundamental design,
with new technology in mind,and make rsecommendations for future
Tnstruments and updates of existing ones.

A third generation svatem aa Implementsd at present,
hasg,tvplecalliy,an emitter producing a single pulse of 30mJ,1l00pS,
at 5%2nM mand 10Hz,with a receiver whi:h detects single photo-
electrons.{P,Sharman,SIR Technical Note No. 1,MAY 1982,

Rovel fireenwich Observebory)

These gvatems are sub- optimum,as dlscussed at Lagonissi
and there would seem to advantages In reviewing the sugeestions
presented there.(Proc. of the Third & Fourth Int. Workshop,

1978 & 1981}).
Recapping,these were;

a) Detection bv single photo-electron counting.

b) Using the mode- locked train of pulses.

¢} Tranamitting the fundamental wavelength({106,4nM).
The first recommendation is now in common use.The second idsa
is sound but has not been popular or necessary glven the largs
laser pulse energy available. The final idea was impractical
for lack of 8 suitable photon counter in the near infra-red.

Our purpose in this paper 1s to gquantify these
advantages of uslng the inbtrinslic properties of the laser,and
by means of a sollid-state photon detectorof high quantum
efficliancy,indlicate how this may be done.

&
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Advantages.

A quantitative 'feel’for the benefliis of the
aforemantioned suggestions can be gleaned from a system budget.
(figure.1l )

Here we present the maximum and tvplcal performance of a
current svsiem,relative to that of a proposed svstem
emittineg and receivine photons as & mode-locked train of pulses.
&n Tnstrument can be improved in this wav bv up Lo two orders
of magnituds,dlapencins with two lossv laser components and
introducine & solid-state drltector.There i3 also a zain in
atmogpheric transmission at the lonmer wavelenrmth,dependant
upon local visibllity,elevation anwmle and statior siltitude.
(R.ILHYDE,»D.G.WHTTEHEAD, Proc. of the Fourth Int. Workshop,
vol.,1l pe. 251).

On the debit side the nolse count increases due to
dark nolse of the detector and one should note the increaans
in the diffraction limited beam divergance.lThese are not nor-
mally limitlng factors of an insbrument,

There 1s a taclt assumption that the radar cross-section
of the cube~ corners 1s similar at both wavelengths.

On balance the gain of two to three orders of
magnitude will manifest themselves in reliability,
transportability and cost.Ingstrument downtime is normally
dominated by laser reliability.

Implementation.

Photon counting is a well established and precise
detection technique when one ensures 'singles'! so avolding
discriminator non-linearity.To date 1t has been limited to the
visible and ultra~ violet wavelensths,so necessitating second
harmonic generation.

Detection ,with internsal gain,in the near infra-red
ig limited by 'excoss noise'. The recent use of such detectors
in a pulsed mode demonstratedthat thayv could detect sinrele
photons ' fpraa small but acceptable period of a duty cvele.

The ldentification of a return frowm a train of
pulses requires a decodlne vrocedure,but given the precise
interval between each pulse, 1t 1s possible and has been used
by H.N.S1lverberpg et al on TLRS-1.
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FIG.A Minimal Lager Energy versus Solid Angle.
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The Iriggered Avalanche Deteclor,

In 1ts continuous mode the avalanche photo-dlode
1s unable to detect signals of less than 100pe. Hecently
2 regular APD was operaeted in a pulsed mode and was able
to getect single photo-electrons,during part of 1ts duty
cCyeclie.,

This work was reported by V.A.Ekstrom,J.App.Phrs.
52{11),Nov.1981,pr.2013, and was followed up by work done
by T.B.Ingerson et al ,App.Optics,vol.22, No.1l3;

Silicon devices are now available commercislly.

Our interest,here,is in the near infra-red,and
tharefors with a germanium device.Although rmermanium
18 not conducive to avalanche detection '1PAD operation
ia favoured by large and equal ionisation races.!

Fkstrom concludes his paper thus.'germanium should be an
excellent material for TAD fabrication extending the
ability to count photens Lo l.5micro-msters.!

With such & device the following specificacion
would be expected.

Quantum efficiency. 0.5

Gain. l.exp(9)

Response time. 0.1in3

Enable period. 0.13

Turn on delay. 200nsS

Dark noise. l.exp(%)/S & 77°K.

Minimal Energy Required.

It is instructive t¢ estimavte the minimal lasger
energy for the 3LR system proposed.Using the parameters
of the RGO instrument we determine that the minimum
radiance of L0OOJoules/steradian is required to range to
Lageos in marginal condltions.

Figure 2., 1s a plot of minimal energy againstthe emitted
beam solid angle.We see,for example,that with a beam
divergence of lmradian the minimal laser energy ls LmJ.
il.e.within the compass of an unamplified oscillator.
(Fxtrapolation to Lunar operation with a 30Omicroradian

bhsam at 10° above the horizon indicates a minimal of o.1J).°'

133.
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Conclusion,

The intrinsic properties of the lagser and in
particular the mode-locked laser may be utilised more
gfTectively.

To summarize,these propertles are;

The near infra-red wavelensth.

The mode-locked output format.

A unique polarisation.{e.g.see D.Curry e.L al,

Proc. of Lhe Third Laser Workshop.)

A fclean' wavefront.(to avold wavefront noise in the
latbter pulses of a train,see Spectroscopy lLetts.8(5),329-340,
1975.R.B.Welsman etal.)

Finallv,to implement them,to use the germanium TAD.

The advantages mav be as much as thrpee orders of
magnitude,enabling one towpperate without YAG amplifiers and
a pulse swltch out unit.

A retrospective update can be carried out during a
recgular service Iinterval.Reliability and financial advantages

follow.Other positive factors are eve-safe operaLion and
mobility,Lunar gvatems can also benefit,

Clearly it 13 necessarv to prove the cermanium TAD
hut lasers of Rubv or Alexandrite can use Lhe sfilicon device.

'.....vou have nothine to lose bhut vyour chains'. (Marx.X.)

o
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FIn.1

STAGE MAX., TYP. PROP. COMMENTS.,
0.0aclllator. 1 1 1 -
1.8wich-out. 1/% 1/10 1 transmit whole train.
2.Ampl.cain. G G 2
Z .Harmonic genr. /L 1/6 1 no photon conversion.
l..Detactor q.e. - 2/% 1/5 1 germanium TAD,

G/18 /300 g factor 18 to 3%00.

Atmos. Trans.
5a),y=25kM, e=90°%, 2/%2 2/3
5bY.v= 5kM. e=20°., 2/35 2/35 factor of 5000 max.

Noiase.
6a).Backgrnd. 2/% 1/5 1 high q.e. of TAD.
6b).Dark noise. 1/2 1/2 1
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ABSTRACT

Pertinent details relating to the design, construction and preliminary
evaluation of an experimental circular-scan streak camera are presented. This
“"Photochron TIC" picosecond camera is intended as a major subcomponent of a
spaceborne laser ranging instrument. Experimental data are included which con-
firm that an instrumental function of less than 6 ps can be achieved in both
single-shot and repetitive modes of streak operation



A PICOSECOND STREAK CAMERA FOR GPACEBORNE

LASER RANGING

1. INTRODUCTION

A spaceborne ultrashort-pulse laser ranging system may be
employed to determine with high accuracy the distance from an
artificial earth satellite to ground-~based retroreflector
targets. (1, 2) The laser ranging iLnstrument essentially
comprises a laser which emits plcosecond pulses at a
repetition freguency of 10-20 Hz, transmitting and receiving
optics, a detector and some means of measuring the round-trip
time between the satellite and retroreflector. Provided a
correction is made by which the pulse retardation arising
from atmospheric refraction is taken into account, then this
round-trip time can be translated Inte o measurcement of the
straight-line distance. However, this atmospheric correction
is computed from a theoretical model of the atmosphere that
requires knowledge of the atmospheric surface pressure at

each target site. An elegant method of obtaining such

surface pressure data consists of deriving them from

differential pathlength measurements carried out

simultanceously at two or more laser wavelengths (3).

137,
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The general concepts for a modern two-colour spaceborne laser
ranging system have been reviewed by Lutz and coworkers. (2)
In thig, the time~interval measurement unit is based on a
circular-scan streak tube (4,5) operating in a "vernierp"
mode. This means that in order to measure the round-trip
transit time, complete periods at the scan froguency that
elapse between the start and stop pulse registrations are
counted by a "coarse" counter and the fractional period is
recorded with high precision at the cutput screen of the
streak tube. (2,6) An experimental “Photochron IIC" streak
camera 1s being developed for such a spaceborne differential
ranging application in conjunction with fundamental (Xx750nm)
and second harmonic ( A375nm) picosecond pulses from a
vibronic (eg alexandrite) solid-state laser. The specialised
features of the Photochron 11C will be described and data
will be included which relate to preliminary evaluations of
its temporal resolution capability when incorporated in an

experimental camera format.

2. CIRCULAR-SCAN STREAK CAMERA PRINCIPLE

The basic component of any electron-optical streak camera is
the image tube and although several tube configurations exist
the general principles of their operation have a lot in
common. Before discussing the circular-scan version it is
perhaps worthwhile reviewing the concept and operation of

linear~scan, single-shot and repetitively-operating modes,

2.1 Single-Shot Operation

A conventional single-shot modular camera system which
comprises a Photochron II (7) streak tube 1s i1illustrated

schematically in figure 1. For the sake of clarity, suppose



that two temporally separated reflections of a single
ultrashort pulse are produced by a glass disc of known
thickness. These illuminate a slit which is imaged onto the
photocathode by an appropriate input relay lens. The length
of the slit image is typically a few mm at the cathode where
its height is arranged to be less than the width of one
spatial resolution element. A photoelectron replica of each
incident transient slit image is then produced promptly
(<10—135) at the cathode. However, it is at this initial
stage that one of the primary contributions to the limiting
time resolution of the streak tube becomes evident. This is
that the electrons are liberated from the cathode with a
distribution of energies and angles. Conseguently, the
spatial and temporal confinement of the electron image very
near the cathode surface would rapidly degenerate with
propagation and in the time dimensibn this 1s usually
referred to as photoelectron transit time dispersion. The
energy spread of the photoelectrons is a function of both the
wavelength of the incident radiation and the cathode spectral
response characteristic and therefore when these parameters
are preselected it is then necessary to ensure that the
transit time dispersion is minimised. To do this, a mesh
electrode is placed close to the photocathode so that a high
"extraction" electric field can be applied to enable the low
energy (usually < leV) emitted electrons to rapidly reach
relatively high energies (> lkeV) such that they achieve high
velocity before significant spatial separation has occurred.
Appropriate voltage applied to suitably shaped cone and ancde
electrodes complete the focussing electron-optical lens which
constrain the photoelectronic signal to pass through a small
anode aperture. This geometry thus effectively decouples the
clectron~lens from the deflection and subsequent field-free
(or drift) sections of the streak tube. (The accelerating
potential maintained on the anode and phosphor screen (Or
egquivalent) is generally 15 - 20KV for this type of
arrangement). When no electrostatic deflection is applied,

then the two ultrashort electron slit images would be

139.



secussed onto the phosphor screen where they would be
super—-imposed with the so-called "static" (or "focus")

zpatial resolution of the image tube.

Temporal resolution is afforded in a single-shot "streak" (or
"dynamlc”) mode of operation. To achieve this, a bias

vocitage 1s applied to the deflectors so that the electron
signal is prevented from reaching the screen within a
prescribed detection area. An appropriately synchronized
linear, time-varying voltage differential is then applied to
the deflectors (either symmetrically, ie + V to one plate, — V
to the other, or asymmetrically} so that the electron packets
experience a deflecting electric field as they travel through
the deflection region. The transient and temporally separated
ceplicas of the incident optical slit images are thus
displayed on the screen with a displacement separation that
depends on the rate of change of applied voltage. A
time-to-space transformation has therefore been accomplished

in the streak image tube.

In the example which is depicted in figure 1, the streak image
has in inbuilt time calibration because the glass disc was of
known thickness. It follows, therefore, that when the width
(FWHM) of the intensity profiles of the streaks is determined
(directly from photoelectronic recording) this can be related
to the temporal separation to provide the so-called recorded
streak duration, GTR. When gaussian pulse shapes are

assumed then the relationship connecting 8T, and the

incident pulse widths 6Tp 18 given by:

51, = ((8T )% + (57 )%+ (e

}%
R P phys

2
tech} (1)

Glphys and 6Ttech are the main contributing factors that

determine the limiting time resolution {often referred to as

instrumental function) of the streak tube and refer

140.
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respectively to the transit time dispersion of the
photoelectrons in travelling from the cathode to the
deflectors and the streak limited time taken for the electrons
to be swept across one resolution element at the screen.

These so called physical and technical contributions can be

expressed in the form given in equations (2) and (3)

{ps) = 23.4(6&)% ' {2)
E

STphyS

where 8¢ 15 the FWHM (eV) of the energy distribution of the
initial photoelectrons emitted from the cathode and E (in

KV/cm) is the applied electric field strength close to Lthe
cathode. (Other factors which contribute towards GTphys’
for example pixel aperture size effects, are excluded in this
context. Information is considered only as far as the screen

of the sheet image tube).

(ps) = 10° (3)

6Itech =

where v is the streak velocity (cm/s) at the screen and 8
(line pairs/mm) is the estimated spatial resolution under
streak conditions. {It has been recently shown in theoretical
Studies (8, 9) of Photochron streak tubes that the evaluation
of the instrumental function according to equations (1)-(3) is

rather too simplistic. gT as ygiven, really only

:
refers to the photo~electrggy§ransit time dispersion in the
cathode~to-mesh region whereas a proper treatment includes
all the regions between the cathode and deflectors.
Moreover, a better method (9} for estimating the overall
camera resolution which inveolves a temporal modulation
transfer function has been suggested. In this more
physically realistic approach, account is taken of the
interactive aspects of acceleration, focus and deflection.

However, in the context of the present consideration, where
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an instrumental function of several picoseconds 1s involved,
then the approximate estimates deduced from eguation (1) -

{}} are adeguate).

It must also be pointed outt that it is usually not possible
to draw sufficient photocurrents In picosecond streak tubes
to provide streak intensities at a recordable level in
single-shot operation. This arises because space charge
effects give rise to severe degradation in both spatial and
temporal performance (8). As a result it 1s commonplace to
employ externally (or internally, see section 3.2} coupled
high~gain intensifiers. The fact that the temporally
dispersed data are displayed on the streak tube as a
spatio-intensity variation, determines the requirements of
the intensifier to be (i) high signal gain and (ii) good
spatial resolution with minimal image distortion. The
intensified output is then generally recorded

photoelectronically or photograpihically.

1t has already been demonstrated experimentally that an S20
Photochron 11 single-shot streak camera having a
lens-coupled, magnetically focussed intensifier can have a
limiting time resclution of just less than lps at a
wavelength of 735nm (l1l0). Also, an 520 Photochron I1 camera
which incorporated a fibre-optically coupled channel-plate
intensifier has been demonstrated to have an instrumental

function <2ps for an incident wavelength of 605nm (11).

2.2 Repetitive (or Synchroscan) Streak Operation

When the incoming luminous information has a moderately high
repetition rate (>MHz) then a synchronous streak operation
can be exploited (12). The basic concept is indicated in
figure 2 where it can be seen that the applied sinusoidal
waveform provides a synchronised repetitive electrostatic
deflection. The central half amplitude of the sinuscid is

linear to within 5% and provided there 1s little or no



i

relative jitter between the incident light signals and the
deflection voltage waveform, then all of the streak images
can be superposed on the streak tube screen. A direct result
of this scheme is that many weak individual streaks can be
integrated in intensity to achieve a recordable output signal
level without the nced for an image intensifier while still
avolding spuace charge effects. The streak images, however,

have a recorded width which also includes any jitter

component and so the instrumental function must bo crprevsed
as:
2 2 2%
: = + T + s :
STinstru 1( Tphys) ¢ Tiecn) ( lett) }
; g T t Are as o S ~ y sectil 2. .
where G‘phys' Grtech are as explained in section 2.1 and

GTjitt is the additional limitation arising through Jitter.

Photochron I, II streak cameras operating synchronously at
repetition rates of 140MHz and 165MHz have been demonstrated
to have time resolutions < 10ps (13 - 15). More recently, an
improved design of the Photochron LI which has beon
designated as the "Photochron IIA"™ has becn operated in the
synchroscan mode and the results show that the instrumental
function is lps (l16), which implies that the jitter

contribution is relatively small.

2.3 Circular-Scan streak Operation

For the purposes of laser ranging it is convenient to have a
circular-scan streak (4 - 6) of constant period so that no
synchronization requirements arise. The basie operation is
single-shot in nature but the electrostatic time-varying
deflection is established by the application of two RF
sinusoidal voltages in phase quadrature and so this scheme
combines many of the features mentioned in the two previous
subsections. It is distinct in that the voltage sinusoids

are supplied to two sets of deflectors which produce
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orthogonal electric fields with a 11/2 phase difference so
that a circular trace is produced at the screen or equivalent
plane. When the perioed of this continous scan is T(in ns)
then the technical resolution limit may be expressed as:

81 = 1007

148

‘tech (ps)

where 4 is the diameter of the circle (in cm) and & is the
spatial resolution (in 1p/mm) under the streak conditions.
The expression for the photoelectron transit time dispersion
(GTphys) remalns the same as Lhat already given In cyguation
(2).

Clearly it is necessary in this approach to use a point image
on the photocathode rather than an extended slit Format and
since a single picosecond pulse is selected from the laser at
a low repetition vate (~20Hz) then ilmage Intensification must
be retained. The experimental circular-scan Photochron 11C
streak camera which has been designed specifically for this

type of operation is described in the following section.

3. CLRCULAR-SCAN "PHOTOCHRON 11C" STREAK TUBE

The design of the circular scan streak image tube, designated
as "Photochron IIC" is shown schematically in figure 3. The
defining areas of electron manipulations are; (a) the
electron-optical lens constituted by the photocathode K, mesh
M, focussing cone C and anode A, (b) the deflection scction
cemprising orthogonally oriented pairs ol deflectors placed
on each side of a "screening" aperture plate: and (¢) a
field-free gdrift section terminated by a proximity-focussed
high gain microchannel plate (MCP) intensifier where the
electron image is directed onto a phosphor screen (8)

deposited on a fibre-optic faceplate (F).
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3.1 Electron-Optical Lens Section

A semitransparent S20-type (Na-K-Cs-Sbh) photocathode was

processed on a specially profiled substrate such that a
usable diameler of 1O mm was provided. The availeble
spectral ranges of sensitivity extend over the 300 - 900 nm

region and easily accommodates the 760 nm, 380 nm optical .
pulse wavelengths to be used in ranging systems. When
1lluminated by pulses at these wavelengths, the
photoelectrons emitted from the cathode have an associated
energy distribution. As already pointed out in subsection
2.1 it is necessary to minimise the transit time dispersion
that accrues as the electron packet travels towards the
deflectors, so a planar mesh electrode is placed 0.5 mm from
the cathode such that the electrons rapidly reach an energy
of approximately 1lKeV. This is arranged by maintaining a dc
EHT voltage of -15kV on the cathode and -14kV on the mesh.
The mesh to which is applied this sc-called “"extraction®
potential 1s fabricated in thin copper from which a high
density of "cells" or windows have been etched. (The cell
density is 300 cells/cm and the transparency is 50%). 1t is
ensured during construction that good surface contours exist
in this region of high electric field (20kV / cm) so that the

incidence of “field emission" is eliminated.

The imparted energy of lKeV to the electrons transmitted
through the mesh electrode is sufficiently low that a
photoelectronic image can be focussed in the plane of the
input face of the microchannel plate using the "singlet"
clectron-lens obtained by supplying an appropriate
combination of voltages to the mesh M, cone C and anode A
electrodes. (The anode and the input of the microchannel
plate are maintained at the same potential). Faor the
voltages already mentioned for the cathode and mesh, the
typical operating potentials for the cone and anogde
electrodes are 13.45KV, 4.5KV respectively. Under these

operating conditions the electron-optical magnification is
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~1.8 (-ve signifies image inversion) and the limiting spatial
resolution at the photocathode is in excess of 35 lp/mm.
&lthough this spatial resolution can be retained in the sweep
direction under conditions of repetitive or "synchroscan" Y
streak operation (sSee section 2.2) the elevalaed current
densities that arise in the single-shot streak mode lead to
substantial reductions in this value. In fact, a typical

estimate is 20 lp/mm at the photocathode.

The basic feature of this type of tube is that the electron
lens provides moderate spatial resolution (in two dimensions)
together with reasonably good retention of the temporal
fidelity of a "transient" photoelectron slit object. The
Pnotochron I1 (7) and Photochron IIA {(l16) version have
achieved subpicosecond regolution (10,17) and therefore have
adequate performance characteristics for the purposes of

laser ranging applications.

3.2 Proximity-Focussed Intensifier Section

It has already been explained that an image intensification &
stage 1s necessary in a single-shot streak camera so that
recordable image intensity levels can be produced without
compromising the image tube performance through the space
charge effects arising from enhanced photocurrent densities.
An alternative to coupling an external image intensifier
module is to incorporate an intensification stage within the
structure of the streak tube. This is the design concept of
the Photochron ITA tube where a high electron gain is offered
by a proximity-focussed microchannel plate-to-phosphot
section. The micro-channel plate comprises a matrix of
iE.SPm diameter ratio of 80: 1 on a lSpm centre-centre
spacing. The activated inside walls of the hollow channels
have a suitably high secondary emission coefficient for the
incident 10.5 KeV primary clectrons and a cascade of
secondaries is ensured by the multiple collisions within the

confines of the microchannel plate (MCP). Forward momentum
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ot these sccondatics 1s provided Ly 0 positive voltage bilas
(>1.5kV) applied between the output and input MCP faces. A
gain 103 can be obtained in such a MCP which has a limiting
spatial resclution of more than 25 lp/mm. In this type of
intensifier, the creation of +ve gas ions can be a problem
because thelr feedback, which 1s encouraged by favourable
potential gradicnts, gives rise to scerious induced "noise®
levels. This shortcoming i1s alleviated by having a 15°

blas angle on the channels and a 20 nm aluminium oxide
(A1203) layer on the input MCP face so that the

penetration by primary electrons is permitted by the fecedback

of slow positive ions is suppressed.

There are advantages in this internal proximity-focussed
intensifier scheme compared to the optically-coupled external
intensifier arrangement that relates to the modular approach
sutlined earlier in section 2.1. For instance, the electron
lens aberrations such as off-axis image distortions that
exist in many "inverting" direct-viewing intensifiers are
eliminated and inherent photocathode background noise
associated with a separate intensifier tube is avoided. One
possible disadvantage is, however, that pilcosecand electron
signals are amplified in the internally intensified version
in contrast to microsecond electron images (arising from the
screen phosphorescence timescale) for the externally coupled
counterpart and conseguently gains saturation problems (18)
may be exacerbated. MNotwithstanding, subpicosecond
resclution in single-shot operations has been measured for a
Photochron IIA type camera (17). Another problem, arises
from the feature that the open area ratio of the microchannel
plates is 66% and the resultant loss of signal photoelectrons

is damaging to the overall signal-to-noilse ratio.

The intensified electronic imaygye is proximity~focussed onto a
suitable phosphor screen which Ls deposited on a fibreoptic
output faceplate. For this purpose an accelerating potential

of 3-5KV is applied between the exit face of the MCP and the
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acreen which have a separation of 0.8 mm. 1t is important
rhat the properties of the phosphor screen are designed to be
compatible with both the image tube and the read-out device

emploved.

To facilitate a spatial resolution parameter which doens not
iimit the performance of the streak tube & tine grain
phosphor power is a prerequisite where the grain size should
be 1 - %Pm (19). The method of depositlon onto the
fibre—-optic faceplate (GPm cores) is chosen so that a uniform

layer thickness and packing density is obtained.

[n the case of the CSST where the read-out device 1s a seli-
scanned photodiode array (RETICON) or CCD which hiave a peak
detection efficiency at 800 nm, it is clear that a red
phosphor should offer the best spectral match. However, it
nust be remembered that a high sfficiency and good spatial
resolution are necded to ensure an overall detection
efficiency comparable with the alternative yellow-green (P20)
ohosphor screens that are presently avallable on commercial

intensifiers.

The forward transfer of the luminescence towards the detector
is enchanced by depositing a bkacking layer (50 nm thick) of
aluminium onto the phosphor screen. This is arranged so that
it can withstand the application of electric fields in excess
of 40KV/cm in the proximity section. {The screen 1S

generally maintained at earth potential).

3.3 Deflection section

To produce the desired circular sweep in the sitreak tube, two
pairs of orthogonally oriented deflection plates are arranged
as illustrated in figure 3. The design of the deflector
assembly in the Photochron TIC lends itself to efficient
coupling of power via metal-ceramic electrical feedthroughs

which exhibit acceptably low RF losses. The dimensions and

148.



149.

separations of the deflectors have been chosen to provide
equal deflection sensitivities and it turned out in practice
that due to tube manufacturing tolerances the set nearer the
anode required 211V for 1 cm deflection while the orthogonally
oriented set had the slightly reduced sensitivity of 226V/cm.
It is necessary therefore, to differentially adjust the
suppplied RF power because of the importance of providing
equal deflection amplitudes in phase quadrature. Failure to
ensure this leads to ellipticity in the scan as illustrated in
figure 4 where one amplitude is allowed to exceed the other by
2%, 4% and 6%. (Dotted outline of ideal circle is included for

comparison).

The effect of any departures from precise phase guadrature is
also indicated in figure 4 where the induced distortion in the
scan is clearly evident for phases differences that are 20,

4° ang 6° larger than the required /2. The overall
distortion in the circular scan that results from combined
amplitude and phase drifts are also included in figure 4 and
the correspondingly computed amplitude and phase errors are
presented for a total scan rotation in figure 5. Both of
these figures vividly confirm that the fidelity of the
circular scan relies critically on keeping the amplitude and
phase errors to a minimum during the operational period of the

camera.

Our first practical attempt to satisfy the stringent
deflection requirements for the Photochron IIC involved the
use of an effective half wavelength of transmission line with
the deflectors located at points of egual signal amplitude bhut
/2 ocut of phase. Unfortunately, the deflector capacitance
was sufficiently dominant that this scheme behaved as two
tightly-coupled tuned circuits with inevitable multiple
resonances. Conseguently, the simultaneous adjustment of

resonance and phase proved to be impractical without the use

of excessive power.



tn the alternative approach, that is being used at present, a

single amplifier is used to provide two independent drive

signals. The two sets of deflection plates are coupled to
the 50 ohm impedance signal lines by suitanle coupling loops
which are adjusted to provide a matched load. Lo minimisce thoe

influence of phase drift reshlting from induced thermal
cffects, the two circults are appropriately damped and phase
adjustment 1s made by slight alterations to the cable
lengths. As mentioned earlier, our experimental streak tube
has sets of deflectors that differ by approximately 7% in
sensitivity but this was overcome by & suitable amount of

resistive damping.

The sinusoidal deflection voltages are produced by a 300 MHz
crystal controlled oscillator, figure 6 or for synchroscan
operation a laser driven tunnel-diode oscillator. The signal
is further amplified by a wide band amplifier (Model
TRW-CAZ2820) to give an output of 400 mw into a 50L1load. For
practical demonstration of a 3 c¢m diameter circular scan
further amplification is required. An appropriate amplifier
module was obtained (Microwave Modules Ltd) which is capable
of cont;nuously delivering 30 watts of RF power without

requiring a precisely matched load.

The actual power used in experiments to date is
approximately 15 watts total. This power and damping has
proved to give satisfactory stability to enable mutual
evaluation of the CSST time resolution (20) to proceed and
produced a circular scan having a diamter of 30mm at the
phosphor screen. A photograph of such sweep, for a

continuous light surce, is reproduced in figure 7.

As well as amplitude variations on the circular scan it must
be remembered that an absolute ranging measurement reltics
critically on exacting freguency stability. 1In fact, if a
loss of 1 ps time resolution is to be avoided then the

frequency stability should be better than one part in 1.5 x

£



lOlG during the 15ms double-transit tfime. This could be
satisfied by basing the 300 MHz oscillator on a Rubidium
clock frequency standard rather than the guartz crystal
specified for this study. An additional constraint is that
the circular orbit of the electron beam must remain centred
at the same point to ensure appropriate detection and so it
follows that influences such as stray magnetic fields must be

avoided.

4. THE PHOTOCHRON ITIC CAMERA AND ITS DYNAMIC PERFORMANCE

In our laboratory camera arrangement the input optics to the
streak tube comprised a ZO‘pm diameter pinhole which was
imaged, with a X2 demagnification by a relay lens on to the
photocathode. The streaked output images were recorded
photographically on Ilford HPS film using an £/1.5 lens
operating at a magnification of unity. A crystal-controlled
oscillator/multiplier network (21) produced a power of 400 mW
at 300 MHz which was subsequently amplified to approximately
15 W before being appropriately shared in phase-quadrature
between the sets of deflectors. This was accomplished by
supplying the RF signals to the tube via A/4 matching
transformer and two 50 ohm impedance coaxial cables that
differed in length by one quarter of a wavelength. These
cable outputs were then loop-coupled to the deflection
plates, the loops being adjusted to give matched loads.
Although we have already demonstrated that a 30 mm diameter
scan can be obtained with as little as 2.5 W of power in each
feed channel (21) we chose to supply higher power levels, in
this instance typically 5 - 10 W per channel, to lower Q
tuned circuitry. By this means it was possible to reduce
drifts in signal phase and hence maintain the fidelity of the
scan and also have a better mechanical arrvangement for the
resonant circuits. (The importance of maintaining relative
phase together with the necessary avoidance of appreciable
amplitude variations to the orthogonally oriented pairs of

deflectors has already been alluded to (section 3.3).

151.



A% has been stated earlier, an estimate of the instrumental
function of this Photochron 11C camera can be inferred from
the Gausslian approximation involving the technical time
resolution limit {ﬁTl) and the inherent photoelectron
transit time dispersion (6T2). Associated with the

circular scan operation.

éTl {ps) = i007T
b

where T is the scan period (ns), D is the diameter (cm} of
the circle and 8 (lp/cm) is the dynamic spatial resolution.
Substituting the values T = 3.3ns, D = 3cm and a realistic
value of 8 = 70 lp/cm under single-shot conditions, then:ﬁz
i1s 5ps. When a value of 2 - 3ps is taken for &d for
wavelengths somewhat away from the vicinity of the
photosensitivity threshold of the cathode) then the

instrumental function becomes approximately 6ps.

To check this prediction under experimental conditions, the
camera was illuminated with pulses produced by a mode-locked,
flashlamp-punped rhodamine 700 dye laser. As can be seen
from schematic of figure 8, seven pulses were selected from
the lus laser output train using a Pockels cell switch. As
each pulse passed through the calibrated optical delay, two
subpulses having a temporal separation of 66ps could be

conveniently directed into the camera.

The pulse repetition period of just less than 3.3ns also
meant that all seven streaked sub-pulse pairs could be
recorded simultaneously. To ensure recordable intensity
levels for these streaks while avoiding undue space charcge
effects (8), the gain of the microchannel plate intensifier
was set to 104. At this level of gain, the background

noise signal accumulated during the 10ms photographic
recording exposure times was sufficiently low that it was not

necessary to gate the forward bias voltage on to the
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microchannel plate.

The disposition of the streaked laser pulses (without the
optical calibration) on the circular scan is illustrated in
figure 9(a) where the pulse selection has been deliberately
timed during the evolutionary phase of the mode-locked train.
To obtain more quantitative time resolution data, shorter .
pulses were selected later in the train where the
steady-state had been established and a representative
microdensitometer trace for one of the image pairs is
included as figure 9(b). When the laser pulse durations
which are typically 3 - 5ps at the operating wavelength of
760nm {(22), are deconvolved from recorded streak duration of
5.7ps then the camera resolution is deduced to be 5ps. This
is in good agreement with the predicted value for the
instrumental function and clearly confirms that the
Photochron I11C can perform to the required time resolution

specification.

In addition to these single-shot streak tests, the camera was
operated repetitively in conjunction with a mode-locked CW
laser so that short-term phase stability could be assessed.
Subpicosecond pulses (615nm) were produced at a 100 MHz
repetition frequency by a passively mode-locked CW ring,
rhodamine 6G dye laser (23). One of the two ocutput beams was
directed to the camera by way of a calibration glass disc as
illustrated in figure 10 while the other triggered a
tunnel-diode osciilatcr. This electrical output was then
frequency tripled, filtered and amplified to provide the
synchronised RF drive deflection to the streak tube. Because
of the superpositioning of the streak images on the phosphor
screen for this "Synchroscan® operation (12), there is no
requirement for high electron gain in the intensifier section

of the tube s0 a low gain setting 100 was selected.

For the purposes of providing an illustration of the circular

scan and the display of streaked LImages, a small intensity



component of the pump argon ion laser as well as the dye
subpulses were directed on to the input pinhole of the
camera. A photographic recording of the resulting image 1is
reproduced in figure 1ll(a) where the calibration delay
between the ultrashort dye pulses is 57ps. The
microdensitometer trace for such a pair of sireak images in
the abhsence of the background continuous illumination is
included as figure ll(b) where it can be secen thalt the
recorded streak duration is 4.7ps. Bearing in mind that
subpicosecond pulsewidths are available from this test laser
source (23), the main contribution to the recorded duration
arises from the technical time resolution limit and to a
lesser extent the photoelectron transit time dispersion and
integrated jitter between the deflection voltage and the
incidence of the laser pulses. Clearly this latter effect
cannot be too significant because when account is taken of
the expected photoelectron transit time dispersion {(~2ps for
615nm wavelength and S20 photocathode) the implied technical
time resolution limit is approximately 4ps. This is
consistent with the expectation that under the conditions of
repetitive streaking, the dynamic spatial resolution should

exceed the corresponding value for single-shot operation.

It may therefore be concluded that phase drifts occurring
during the recording periods (generally 1 - 5 seconds) are
small and likely to be substantially less than 4ps for total
supply RF powers of 15W. This result complements those of
the single-shot experiement in that an instrumental time
resolution of less than 6ps can be sustained over short term

periods of several seconds.

5. CONCLUSION

The experimental data presented here confirm that the
circular-scan Photochron IIC streak camera has a temporal

resoluticn of better than 6ps and possesses good short term
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stability of operation. For future applications,
particularly those involving laser ranging, an electronic
readout will be developed for full compatibility with
telemetry.

It is envisaged that this readout will initially be a CCD
camera placed external to the tube body and optically
contacted to the existing faceplate via a fibre optic reducer.
Although a circular array would appear to be the obvious form
for the electronic readout it will probably turn out to be an
impractical solution due to the difficulty involved in
establishing optimum tube focus and scan characteristics.

When in operation, a circular array would probably impose too
severe a restraint on scan accuracy and alignment. The
current development of large area two dimensional CCD arrays
would appear in the future to offer the best solution to the
problem. The placing of the electronic readout internally, as
an integral part of the image tube, would appear to offer-
optimum performance by removing some of the loss coupling
elements and some experiments will be carried out to ascertaln

the feasibility of this approach.

The detection of extremely low light-level signals inveolve a
study of the various ways of improving the overall signal to
noise ratioc ¢f the image tube. The usee of, for example,
cooling of the photocathode and signal gating techniques will

be investigated.

It has been demonstrated that a CS8ST can be constructed
using metal and ceramic technology which should prove to be

sufficiently rugged for spaceborne applications.
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Schematic of modular, externally-intensified

single-shot streak camera.

Comparison ol dellection voltage profiies applied to
single-shot and repetitively-operating (sSynchroscan)

streak cameras.

Schematic of circular-scan Photochron IIA streak image
tube.

Scan distortion induced by amplitude and phasc

variations.

Amplitude and Phase errors during one scan rotation.

Circuit Diagram for 300 MHz oscilliator.

Photograph of Circular Sweep having 30 mm diameter.

Experimental Set—-up used in evaluation studies of

single shot streak performance.

Uncalibrated streak images of seven "evolving"
mode~locked dye laser pulses.

Microdensitometer trace for two "calibrated" streak
images (reproduced in inset) of "steady state" dye

laser pulses.

Experimental set-up used for streak evaluation of

repetively-cperating camera.

Photograph of streak recording showing clrcular scan
with superimposed ultra short laser pulse images.
Microdensitometer trace for two streaked images

(reproduced in inset) associated with mode locked pulses
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